The testis is a radiosensitive tissue. It contains a large number of lobules, which in turn are composed of convoluted seminiferous tubules. The epithelium inside each tubule consists of a complex mosaic of supporting cells and germ cells of different sizes and degrees of maturation. These cells are known to have diverse sensitivity to radiation, those with the highest sensitivity being the spermatogonia, which form part of the basal cell layer, and those with the lowest sensitivity being the mature sperm cells closest to the lumen of the tubule. For many years, the internal dosimetry community has discussed the need for improvements to bring about more detailed, cell-level testicular dosimetry. This paper presents a small-scale dosimetry model for calculation of S factors for several different source-target configurations within the testicular tissue. Methods: A model of the testis was designed in which the lobules were approximated by a cross-section of seminiferous tubules arranged in a hexagonal pattern, with interstitial tissue between them. The seminiferous tubules were divided into concentric layers representing spermatogenic development in the seminiferous epithelium. S factors were calculated for electrons, photons, a-particles, and for 18 F, 90 Y, 99m Tc, 111 In, 125 I, 131 I, 177 Lu, and 211 At using Monte Carlo simulations. Results: For electrons with low energies the range was small, compared with the diameter of the seminiferous tubules, resulting in high energy deposition close to the source, whereas for higher electron energies more uniform energy deposition was seen, as expected. The same trend was seen for low-energy photons, whose mean free paths are small, compared with the diameter of the seminiferous tubules, resulting in high energy deposition close to the source, whereas for higher photon energies the location of the activity in the testis is less important. Conclusion: The model presented in this paper is a simplification of the organized chaos that constitutes the structure of the actual testis. However, it provides a relevant, small-scale anatomic model to help us understand the significance of the heterogeneity of radioactivity in this important radiosensitive tissue.
Iti s well known that the testes are among the most radiosensitive tissue in the human body. They constitute an important critical target for both external and internal radiation during diagnostic and therapeutic use of radionuclides or after internal contamination resulting from occupational exposure or accidents. The metallic radionuclides, such as 65 Zn, 111 In, 201 Tl, and 239 Pu, are of special interest in radiation testicular dosimetry because they are known to gain access to the seminiferous tubules and the germ cells (1) (2) (3) (4) . Some 90 Y-and 111 In-labeled radiopharmaceuticals have also been reported to be retained in the testes (5) (6) (7) .
Uniform external irradiation at sufficiently high absorbed doses leads to deterministic damage to the testes and is quite well understood (8) . The threshold absorbed dose for temporary sterility is only 0.15 Gy when received in a single acute exposure, whereas for permanent sterility it is 3.5-6.0 Gy. The annual dose rates causing temporary and permanent sterility from highly fractionated or protracted exposure over a period of years have been specified by the International Commission on Radiological Protection to be 0.4 and 2.0 GyÁy 21 , respectively (9) . Although the deterministic effects are well known, little is known about the occurrence of radiation-induced cancer in the testes (10) , and so far there is no evidence that radiation-induced mutations in the germ cells cause genetic disease in humans (11) . However, this possibility is considered in radiation protection and risk estimates by the International Commission on Radiological Protection, which has assigned a tissue weighting factor of 0.08 for the gonads (12). In addition, the accumulation of activity and long retention times in the testis may lead to depletion of the proliferating tissue, that is, permanent sterility.
The radiobiologic response of testicular cells undergoing spermatogenesis to ionizing radiation has been well established in the mouse and rat (13) (14) (15) and is considered to be relevant to humans (16) . Radiation damage and the death of germ cells can impair fertility in a dose-dependent way. Spermatogonia in the early stage of differentiation are much more sensitive to radiation than cells in the later stages of maturation, that is, primary and secondary spermatocytes, spermatids, and spermatozoa (17, 18) .
The testes consist of 2 ovoid organs with a short axis of about 2.5 cm and a long axis of about 4 cm enclosed in a dense capsule of strong connective tissue, the tunica albuginea, which is about 0.8 mm thick (19) . Published data on the mass and volume of the testes vary and depend on age and state of health. For the purpose of internal dosimetry or phantom modeling, the International Commission on Radiological Protection recommends an adult reference mass and volume for both testes of 35 g and 33 cm 3 , respectively, and a density of 1.04 gÁcm 23 (20) . Each testis is divided into 250-370 conical and intercommunicating compartments of varying size, called the testicular lobules. These lobules are occupied by 1-4 seminiferous tubules, which are convoluted loops distributed throughout the testis. The total length of the tubules measures about 70-80 cm, and their diameter varies from 150 to 300 mm (19) . The seminiferous tubules are surrounded by interstitial tissue, which contains blood and lymphatic vessels, nerves, tissue macrophages, and groups of endocrine Leydig cells, responsible for the secretion of testosterone. Spermatogenesis, that is, the complex process by which spermatogonial stem cells proliferate and transform into spermatozoa, with a period of 64 d in humans, takes place in the seminiferous tubules.
The basement membrane, or lamina propriae, of the seminiferous tubules is made up of 5-7 cellular layers separated by laminae of extracellular connective tissue components, with a total thickness of about 8 mm. Each tubule is lined with a seminiferous epithelium composed of columnar supporting cells called Sertoli cells and the germ cells of the spermatogenic lineage. Figure 1 illustrates the anatomy of the testis. The architectural arrangement of the seminiferous epithelium from the basement membrane starts with the radiosensitive germ cells, spermatogonia, 9-12 mm in diameter. These germ cells undergo mitosis and form either type A S spermatogonia stem cells or type A P spermatogonia progenitor cells, the latter dividing several times to finally form type B spermatogonia. On their inner side lie the primary spermatocytes, which are larger, 16-18 mm, and arise from the type B spermatogonia by mitotic cell division. By maturation division, each primary spermatocyte then produces 2 secondary spermatocytes (prespermatids) that are slightly less than half the size of the mother cell, that is, 7-8 mm. These divide quickly to become haploid spermatids, differentiating into mature sperm cells that are released into the lumen of the tubule. The spermatozoa secreted by the seminiferous tubules are collected in the rete testis and delivered to the excurrent ductal system of the epididymis (21) .
The germ cells in the seminiferous epithelium are closely associated with and almost completely surrounded by the surface of the columnar Sertoli cells. These latter cells protect the germ cells from autoimmune attacks and toxic and radioactive foreign agents by the so-called blood-testis barrier (19, 21) . Only the stem cells, type A spermatogonia, closest to the basement membrane may have direct contact with the extracellular environment. Radionuclides and radiolabeled molecules such as peptides and antibodies entering the human body by internal contamination or after administration of a radiopharmaceutical for diagnostic or therapeutic purposes may localize in the testes (1-7). Studies in rodents have shown that indium isotopes accumulate in the interstitial tissue and the seminiferous epithelium after intravenous administration. Like iron, indium isotopes are transported into germ cells inside the blood-testis barrier by a mechanism involving the specific transport protein transferrin (3, 4, (22) (23) (24) . In multilevel autoradiographic investigations by Jönsson et al., it was demonstrated that an intravenous administration of 111 In-chloride resulted in a highly heterogeneous distribution in the proliferating tissues, including the testes ( Fig. 2A) (3, 25, 26) . It was shown that the uptake in rat testes was mainly localized not only in the interstitial tissue, but also in the spermatogonia, with an activity uptake far above the background level (Fig. 2B) . Hoyes et al. demonstrated that intratesticular localization results in spermatogenic and mutagenic damage (27) . Published data on radioactivity in the human testes are scarce, but in a study by Nettleton et al. it was shown that after intravenous injection in male patients the radiometals 111 In and 201 Tl were localized in the testes (4). The uptake was about 3.6-to 4.0-fold higher than the nonspecific uptake in the remainder of the body. It was concluded that the radionuclides crossed the blood-testis barrier and gained access to the developing germ cells within the seminiferous epithelium. Nuclear medicine studies during the late 1980s using 111 In-labeled anti-carcinoembryonic antigen monoclonal antibodies and F(ab9)2 fragments for scintigraphy of colon cancer showed that male patients had an unexpectedly high activity uptake in the testes (28, 29) . During the past decade, several authors have reported testicular uptake in patients after administration of 111 In-or 90 Y-labeled antibodies, such as the radionuclide-antibody conjugate ibritumomab tiuxetan (Zevalin; Biogen Idec Inc.) commonly used for radionuclide therapy (5) (6) (7) 30) . The mean absorbed doses to testis reported in these studies varied from 2.4 to 9.1 GyÁGBq 21 , that is, above the threshold for sterility. Caution is thus advised in the treatment of young male patients, and semen cryopreservation may be appropriate, according to the European Association of Nuclear Medicine guidelines (31) .
Investigations of testicular uptake of radioactivity, especially those showing a heterogeneous distribution, have attracted much attention from the dosimetry community (32, 33) . In this context, the primary objective of this investigation was to develop a realistic, small-scale anatomic model of the seminiferous epithelium and to determine S factors (34, 35) , or so-called dose conversion factors, for different source-target combinations in the testicular tissue.
MATERIALS AND METHODS
The small-scale anatomic model of the testes developed in this study consists of an ellipsoid with axes of 2.5, 2.5, and 4.0 cm. The mosaic pattern of the complex structure of the testicular lobules was approximated by a cross-section of seminiferous tubules, 250 mm wide, arranged 10 mm apart in a hexagonal pattern, with interstitial tissue between them (Fig. 3 ). Each seminiferous tubule was then divided into concentric layers, as described in Figure 1 , starting from the basement membrane, that is, the lamina propria (8 mm) of the seminiferous tubule. The layers correspond to the most plausible loci of different germ cells during their spermatogenetic development in the seminiferous epithelium, that is, 1 layer of spermatogonia (10 mm), 2 layers of primary spermatocytes (15 mm), 2 layers of secondary spermatocytes (7.5 mm), 1 layer corre- sponding to mature spermatids (5 mm), and, finally, spermatozoa in the lumen (57 mm) of the seminiferous tubule.
The Monte Carlo codes MCNP5 1.4 (36) and MCNPX 2.6 (37) were used to model this testis geometry. The close-packed structure of the seminiferous tubules was simulated with a hexagonal lattice pattern (featured in MCNP by "lat 5 2"), with an inscribed diameter of 260 mm, where the extra 10 mm constitute interstitial tissue. Each lattice element was filled with concentric cylinders with radii of 57, 62, 69.5, 77, 92, 107, 117, and 125 mm, representing the different layers of the seminiferous tubule (Figs. 1 and 3B ). The mass density was set to 1.04 gÁcm 23 , and the material composition for testis was taken from publication 89 of the International Commission on Radiological Protection (20). The total mass of the testes was then 13.6 g.
The absorbed fractions were calculated for monoenergetic electrons, photons, and a-particles using different source configurations. The energies used for monoenergetic electrons were 5, 10, 30, 50, 70, 100, 200, 300, 500, and 1,000 keV; the energies used for monoenergetic photons were 5, 10, 15, 20, 30, 40, 50, 70, 100, and 200 keV, and the energies used for monoenergetic a-particles were 3, 4, 5, 6, 7, and 8 MeV. In addition, Monte Carlo simulations of the S factors were performed for the radionuclides 18 F, 90 Y, 99m Tc, 111 In, 125 I, 131 I, 177 Lu, and 211 At, as these are important in nuclear medicine. For 211 At, the daughter product 211 Po was included in the simulations because of the short halflife of 0.52 s. The energies and yields were obtained using the software Radiation Decay 3 (Charles Hacker, Griffith University), which is based on data from the Radiation Shielding Information Center at Oak Ridge National Laboratories. The b-spectra used were obtained from the RADAR Web site (38) .
The source of activity (and thus the emitted energy) was assumed to be homogeneously distributed within the interstitial tissue (region 1) or cell layer (regions 2-9) 1 source region at a time. Simulations that included sources consisting of photons, electrons, a-particles, and b-particles were performed separately. The energy deposition from each source region was simulated separately using the energy deposition tally, specified as *f8 in the input files. Electron transport was simulated using the new energy-straggling logic introduced with MCNP5 1.4 and specified by the card dbcn 17j 2. The number of substeps was set to 50 for all layers except 1 and 2 shown in Figure 1 . The number of substeps for these layers and cells was set to 10, because a limitation in the MCNP code can cause particles to "get lost" in the boundaries between hexagonal lattices. This new logic allows more accurate simulation of electrons in small regions. When either of the 2 previous energy indexing methods, MCNP-style (default) or ITS-style (dbcn 17j 1), is used, the many boundaries in the geometry introduce errors in the energy straggling, resulting in overestimation of the energy deposition and shortening of the electron range. Because MCNP5 1.4 allows for the simulation of only neutrons, photons, electrons, and positrons, the Monte Carlo code MCNPX 2.6 was used in the simulation of a-particles. However, this code does not include the new energy logic for electrons; FIGURE 4. Specific absorbed fraction in different cell layers when source is located in interstitial tissue (region 1). Dashed line represents whole-testis specific absorbed fraction. (A) Low-energy electrons and short ranges have widest diversion from whole-testis specific absorbed fraction, whereas high-energy electrons converge toward average whole-testis specific absorbed fraction. (B) For photon energies above 15 keV, specific absorbed fraction is independent of source location; between 70 and 200 keV, specific absorbed fraction is almost independent of energy. (C) Specific absorbed fraction for a-particles diverges markedly from whole-testis specific absorbed fraction because of the short ranges. therefore, its use was restricted to simulation of a-particles. After the simulations, the results obtained from the different starting particle types were added together considering the radiation yield, and tables of absorbed fractions and S factors were calculated. The total number of simulated histories was on the order of 10 6 to keep the statistical errors below 1%. In the case of low electron energies, where the only dose contributions were due to bremsstrahlung photons, higher uncertainties were accepted, as the absolute values are negligible.
RESULTS

Figure
to that for low-energy electrons exists for the a-particles, having ranges between 17 and 75 mm. Even though these ranges can appear as long as in the testis model, the direction of the emission matters. Particles emitted along the cylinder-surface normal vectors are rare, causing most of the energy to be deposited in the source and the nearest adjacent layer.
If the activity is assumed to be distributed outside the seminiferous tubule in the interstitial tissue (region 1), the absorbed dose to the radiosensitive spermatogonia (region 3) resulting from 30-keV electrons is 6.0 times lower than if the source is assumed to be homogeneously distributed FIGURE 5 . Graphs showing ratio of absorbed dose to each region of testis to average whole-testis absorbed dose for activity homogeneously distributed in the 9 regions. Horizontal solid line in each graph at ordinate value of 1 corresponds to average absorbed dose to whole testis. Symbols denote average absorbed dose within each region, with line segments drawn between successive data points simply providing visual guidance. Range of y-axis was selected to maximize visual appearance in layers closest to spermatogonia, causing 125 I in region 6, 7, and 8 to be out of the scale.
throughout the whole testis. For 70-keV electrons, the corresponding absorbed dose would be 1.4 times higher than the whole-testis absorbed dose.
If the activity is instead located in the spermatogonia (region 3), the calculated absorbed dose to this region, compared with the average absorbed dose in whole testis, is 4.9 times higher for 30-keV electrons and 1.9 times higher for 70-keV electrons.
For low-energy photons, the mean free path is small, compared with the diameter of the seminiferous tubules, Target and source numbers correspond to different cell layers of testis model as described in Figure 1 . Target and source numbers correspond to different cell layers of testis model as described in Figure 1 . Target and source numbers correspond to different cell layers of testis model as described in Figure 1 .
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resulting in energy deposition close to the source. For photon energies higher than about 10 keV, the emitted energy is deposited over many tubules, resulting in more uniform energy deposition. For example, assuming 5-keV photons to be distributed homogenously in the interstitial tissue (region 1) or in the spermatogonia (region 3), the absorbed dose to the spermatogonia compared with the average whole-testis dose is a factor of 1.05 and 1.39 higher, respectively. For higher photon energies, the energy deposition is more uniform, and the location of the source Target and source numbers correspond to different cell layers of testis model as described in Figure 1 . Target and source numbers correspond to different cell layers of testis model as described in Figure 1 . Target and source numbers correspond to different cell layers of testis model as described in Figure 1 .
in the testes is of less importance. For photons with energies of 70-200 keV, the specific absorbed fraction is almost independent of the energy. Figure 5 shows the ratio of the absorbed dose in each region to the average absorbed dose in the whole testis among the radionuclides studied, and the absorbed dose when the activity is located either in the interstitial tissue outside the tubule (region 1) or in the different cell layers of the tubule (regions 2-9). Values close to 1 indicate small differences between the average absorbed dose to testes and the doses to the different target regions in the model. Radionuclides, such as 90 Y and 18 F, which emit higher-energy electrons and positrons having ranges that are long relative to the dimension of the seminiferous tubules have ratios close to 1. For 99m Tc, 111 In, and 177 Lu, the local absorbed dose arises mainly from intermediate-range conversion electrons having energies between 100 and 250 keV and are highest in the source layer itself, decreasing to doses equal to the respective average-testis doses in the immediately adjacent layers and beyond. 131 I is a medium-energy b-emitting radionuclide, with its major b-decay having a maximal energy of 606 keV, and is therefore situated in Figure 5 between the curves of 177 Lu and 18 F. For 211 At and 125 I, emitting short-range a-particles and low-energy electrons, respectively, the doses to the source and immediately adjacent layer are highest, decreasing to less than the respective average whole-testis doses for those layers farther from the source. The simulated S factors for the radionuclides studied are given in Tables 1-8 .
DISCUSSION
In contrast to external radiation, the biologic effects of tissue-incorporated radionuclides are highly dependent on the type of radiation and on their distribution at macroscopic, microscopic, and cellular levels. In addition, this distribution is determined by the chemical characteristics of the radioactive agent. Because the biologic effects are expressed at the cellular level, much attention has been directed during recent years toward the development of small-scale anatomic models, taking the nonuniform activity distribution into consideration (32, 33, 39) . The wide variability in absorbed energy or absorbed dose to different parts of the tissue is of greater relevance than the average absorbed dose estimated by the conventional (i.e., organ- Target and source numbers correspond to different cell layers of testis model as described in Figure 1 . Target and source numbers correspond to different cell layers of testis model as described in Figure 1 .
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level) implementation of the MIRD formalism (34) and organ-level S factors. The microscopic anatomic model of the human testes presented in this paper has been used to derive the necessary reference data (i.e., S factors) for small-scale testicular dosimetry for selected radionuclides. Ultimately, more reliable dose-response relationships for the radiobiologic effects of radionuclides on germ-cell function should result. Although the model is a simplification of the complicated nature of the seminiferous epithelium, it provides a realistic approach for more detailed dosimetry while still using the MIRD formalism. From these simulations, it is obvious that the absorbed energy in the layer corresponding to the radiosensitive spermatogonia may be underestimated or overestimated using the traditional method of calculating the absorbed dose to testis, that is, the average of the whole testis. The greatest divergences for both electrons and photons are found at the lower energies, since the energy is deposited in the vicinity of the source. For electron energies above 200 keV and photon energies above 10 keV, the absorbed energy is averaged over several tubules, and the site of decay is therefore less important. Of the radionuclides studied here, this factor is most evident for 125 I, because of its low conversion electron energies (27-32 keV), as can be seen in Figure 5 . If activity is incorporated into the spermatogonia cell layer, the absorbed dose from 125 I will be 4.74 times higher than the standard whole-testis absorbed dose, whereas if the activity is in the interstitial tissue, the absorbed dose will be 0.39 times the whole-testis absorbed dose. The energy from high-energy b-particles from the decay of 90 Y is deposited along an average path length of 3 mm (equivalent to 12 tubule radii), resulting in a ratio of close to 1 between the cell layer absorbed dose and the whole-testis absorbed dose. For radionuclides emitting a-particles, which have short ranges, it is critical to determine precisely where in the testis there is uptake of activity to correctly calculate absorbed doses.
With few exceptions, there is little knowledge about the exact localization of radioactive agents in the testis. Because the blood-testis barrier normally prevents agents from entering the seminiferous tubule, the most probable site of radiopharmaceutical localization is the interstitial tissue. However, radiometals and some antibodies constitute an exception and are of special interest because they seem to accumulate inside the seminiferous tubule and in the spermatogonial cells (3, 4, 25) .
An absorbed dose as low as 150 mGy to spermatogonia is sufficient to cause cell death and a significant decrease in sperm count several weeks later. At this absorbed dose, fertility will be restored if a sufficient number of spermatogonial stem cells survive to repopulate the seminiferous epithelium. However, this recovery may take a considerable time. In recent years, the loss of male germ cells after exposure to ionizing radiation has been attributed to apoptosis. Liu et al. demonstrated that absorbed doses of 25-200 mGy induced a significant increase in apoptosis in both spermatogonia and spermatocytes, with a maximal effect at 75 mGy (40) .
CONCLUSION
The results show the importance of considering the possibility of nonuniform distribution of many radioactive agents in the testicular tissue and possible hot spots, which may be of importance in the estimation of radiation risks. It is therefore important that the testis be included in the evaluation of the biodistribution of radiopharmaceuticals used in preclinical trials on men.
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